Light deflection is accomplished by diffraction from a transient index modulation established as a grating of variable frequency in an optical material by the interference of two controlling light beams. This device may be considered an opto-optical analog to an acoustooptical deflector, in that a change in angular deflection is created by altering the frequency of the diffraction grating. In this paper we report on a technique for altering the grating frequency by changing the wavelength of the control beams and the use of a novel optical system to maintain the Bragg condition over a wide range of frequencies. Configurations exhibiting very large angular deflections have been designed using a computer simulation and optimization program that allows minimization of the Bragg detuning. This new method of light deflection allows either discrete or continuous light scanning or modulation. A particular example using lithium niobate will be discussed which produces an 11.8° deflection from a 0.0 2 7 -Am wavelength change and with an angular detuning of less than +0.03o. The use of other materials, inorganic, organic, and dispersive, will also be discussed.
Introduction
The diffraction of an optical wave front resulting from its interaction with a periodic structure produces both light deflection and modulation effects and has formed the basis for many optical devices and investigative techniques. Of particular interest are those periodic structures created by optical interference methods and loosely categorized as some form of holography. This has resulted in the creation of optical elements such as diffraction gratings, 1 holographic deflection devices based on mechanical motion, 2 integrated optical modulators,:
3 transient grating techniques for spectroscopic investigation, 4 and an extremely large field of activity in the general category of phase conjugation or degenerate four wave mixing. 5 In this paper we describe a novel, nonmechanical deflection (modulation) technique using diffraction from an optically generated transient standing wave to induce a periodic refractive-index variation. This is analogous to an acoustooptic device where diffraction occurs from the refractive-index modulation introduced into an optically transparent material by a traveling acoustic wave. In both cases variable deflection angles are achieved by changing the frequency of the controlling beam(s) in order to alter the spacing of the diffracting structure.
In the case of opto-optical deflection, however, we have reduced Bragg detuning effects and greatly extended the angular operating range by incorporating a real-time method to change the orientation of the diffracting structure in proper synchronization with the changing spacing. This type of device is not subject to aperture, resolution, rise-time, and chirp-distortion considerations that occur in an acoustic device and are caused by the small propagation velocity of the acoustic wave.
It will, however, be necessary to develop and incorporate techniques for rapid wavelength scanning 6 7 and identify materials with high sensitivity and rapid response.
Although this application will eventually be strongly dependent on the nonlinear materials and theory associated with four wave mixing, we will not at this time treat diffraction in terms of the field radiated by the nonlinear polarization created in the medium but rather in terms of conventional holographic recording and reconstruction. In the following section we will discuss diffraction from a sinusoidal phase grating of finite thickness with emphasis on satisfying the Bragg condition by introducing a change in both grating orientation as well as frequency. Subsequent sections will examine a technique for producing these changes using conventional diffraction gratings positioned in each 'control beam and will utilize a model of the interference/diffraction process to describe the influence of the optical and mechanical parameters on angular deflection and Bragg detuning. Numerical examples are then presented and supported by experimental results.
II. Thick Gratings and the Bragg Effect
In this section the basic properties of thick holograms are reviewed to allow a better understanding of what will be described later. Let us consider two coherent plane waves of wavelength X incident at angles 01 and 02 on a recording medium of index n. These beams undergo refraction to angles 01 and 02 and interfere as shown in Fig. 1 (1) Assuming that the interference pattern has been recorded inside the medium as a modification of either its refractive index or its absorption, we now illuminate this structure as shown in Fig. 2 with a beam of different wavelength X0. This beam will interact with the medium modulation and will be diffracted. The theory developed for thick holograms 8 has shown that, in order to get a good diffraction efficiency, the incoming beam must be incident on the grating at an internal angle satisfying the Bragg condition 2nd sinoo = X 0 . 
Varying the wavelength of the incident control beams from X to X + AX without changing their incidence angles causes a shift in the standing wave frequency, fringe spacing d, thus giving rise to a change in the direction at which the beam at X 0 must be incident. This angular change to the Bragg condition is simply obtained by differentiation of Eq. (2) and substituting from Eq. (1). For the case of equal angles 01 02, this leads to
This is shown in Fig. 3 where the X 0 illuminating direction is maintained at the original Bragg angle of 00 and the resulting diffraction direction changes by 2AkO (to first order). Associated with this angular shift, however, will be a decrease in diffraction efficiency q as determined by coupled wave theory for a thick, phase hologram. 8 (5) this could occur for a 293-gm thick sample by an actual physical change of the internal illumination angle of 0.160. The same effect would be caused by a change in the fringe spacing that would require this amount of angular correction to be introduced in order to maintain the Bragg condition. This latter is the more realistic case for us since the illuminating beam is generally fixed in direction and the wavelength is changed to alter the fringe spacing. In this case a wavelength change of 0.007 gAm would be sufficient to cause a deflection of the fixed illuminating beam by 0.320 and would result in a simultaneous decrease of the diffraction intensity to zero. For more weakly diffracting materials, i.e., An -10-4, the thickness must be increased to 2.93 mm with an associated increase in angular sensitivity to 0.016°. For this thicker material a corresponding wavelength change of 0.0007 gm would decrease the diffraction to zero. The modulation slope for a given wavelength variation will be adjustable through the selection of the thickness of the periodic structure which governs the Bragg selectivity by Eq. (5).
Ill. Light Modulation
If we consider the zero order, creating, suppressing, or altering the periodic structure in the medium in this manner will serve as a gate to modulate the incident beam and allow either the transformation of a cw incident beam into a pulsed transmitted one or the modification of the shape and/or the length of an incident pulsed wave front. Using pulsed pump beams for creating the periodic structure will also allow very short pulses to be obtained, particularly if their arrival times are properly phased with the incident beam and with each other. The main advantage of this opto-optical method of modulation is that the optical wave propagates through the medium at the speed of light and imposes no aperture vs response time restriction. The modulation speed is restricted to the speed at which To achieve this simultaneous change in both the frequency and the orientation of the standing wave while varying the wavelength of the two writing beams, we have conceived a passive technique that operates in real time over a wide angular deflection range. This is shown in Fig. 6 where the incoming beam is split into the two identical writing beams by a beam splitter each of which are incident on dispersive media, in this case diffraction gratings G 1 and G 2 . Changing the wavelength of the incident beam causes a change in the direction of the diffracted beams and consequently a change in the direction of the beams incident on the recording medium. Using different spatial frequencies the change in each beam can be different and we therefore should expect a simultaneous change in both the spacing and the direction of the standing wave. The set of equations that govern the incident and diffracted directions, Ooj and 0'j, of the illuminating beam of wavelength Xo that is interacting with the . Method for creating wavelength-dependent changes in incidence angles using diffraction gratings.
where -yi is the angle of incidence onto grating Gi, m is the diffraction order, and pi is the grating period. The diffraction direction at any over wavelength X is sinbij = i' j -sinyi.
Pi
The angle of incidence of the beams of wavelength Xj with respect to the sample normal for an afocal system aligned along & is given by
where a is the inclination of the medium surface normal with respect to the bisector of the two writing beam optical systems. These beams are refracted at the surface, and by Snell's law the internal angles oij for isotropic media are given by Using optical systems that image the grating plane onto the sample plane, the diffracted beams can be directed to overlap in the medium in which the standing wave has to be recorded whatever the incident wavelength. In the case of an afocal system, collimation is maintained for the beams incident onto both the gratings and the medium. This point has importance, as we will indicate later.
In reference to Fig. 7 , assume that each afocal system has an angular magnification Mi (i = 0,1,2) where the subscripts 1 and 2 are used to denote each of the writing beams and the subscript 0 is the illuminating beam. The incidence angle onto the medium is such that the angle between these beams is given by 20. These incidence angles are defined for the mean wavelength X within the tuning range and establish two optical axes, one for each afocal system, and is the direction about which the individual beam direction will vary as the wavelength changes. That is, when the incident beams are at wavelength X they will travel along the axis of each system, and as the wavelength changes the beam paths will depart from the axis and the variation in the incidence angles will undergo magnification. The combination of differences in grating period and optical magnification will cause each writing system to react differently to the same wavelength shift and thereby cause an asymmetry in the incidence angles and a tilting of the planes. The task is to select parameters that minimize the Bragg detuning over the entire range of wavelength variation.
where nj is the refractive index of the medium subscripted for wavelength in the event that dispersion is present. The resulting grating spacing of the interference pattern is, according to Eq. (1),
The tilt of the planes is given by 1 = -1/2(01j + 2j) (11) and is measured with respect to the normal to the sample surface. The internal directions of the incident and diffracted beams, Ooj and 0oj, of wavelength Ao that satisfy the Bragg condition are given by (12) 
where no is the refractive index at Xo of the medium. The external incidence and diffraction angles, 00j and Oj, are by Snell's law:
For each wavelength Xj in the tuning range and for a given parameter set, these equations are solved for the external incidence and diffraction angles of the illuminating wave that satisfy that particular Bragg condition. The maximum deviation of the incidence angles from a constant direction is determined for the entire set, and, if this is greater than a predetermined Bragg detuning limit, a parameter change is introduced and a 
angle is determined by comparing the diffraction angle Our experience has been that the parameter set pi, Mi, 0, and a is sufficient to always provide a solution for which the detuning is small. The choice of tilt angle a is dependent on the cut and orientation of the crystal being examined which must be selected to maximize the induced nonlinearity for efficient operation.
V. Numerical Example
As an example consider a system for deflecting a
He measured with respect to the individual optical axes that have been aligned using the 0.501-gm wavelength as the mean wavelength X. The difference in angular spread between the two beams results from the difference in input grating dispersions. It is this ultimate angular difference that tilts the recorded fringes to maintain the Bragg condition. Table I shows the effect of changing the angle between the individual optical axes as they illuminate the medium. This angle determines the operating point, bias, about which the spacing of the periodic structure varies in response to the wavelength-induced angular shifts. In this example the normal to the medium is aligned to bisect the angle between the optical axis, i.e., the sample is not tilted. The calculations are performed using LiNbO 3 as the test medium n = 2.29. For axis aligned at +8.00 a deflection angle in excess of 2.50 can be obtained for the 0.038-gm wavelength shift. There is significant Bragg detuning in the amount of 0.280 such that if the average incidence angle is fixed at 10.190 the resulting variation of ±0.14° would result in a serious mismatch in the Bragg condition and significant loss in deflection efficiency. Decreasing the angle of the optical axis to +5.00 causes only a slight decrease in overall deflection angle, -2.30, and has a significant 4 ). This reduction in Bragg detuning with incidence angle suggests the existence of an optimum operating point for a given set of parameters. Such an optimum does indeed exist and is shown in Fig. 8 where both the Bragg detuning and maximum deflection angle are plotted vs incidence angle. All other parameters are the same as mentioned above except for sample tilt which has been changed to a = -1.6° to produce the best minimum. In this particular case the minimum occurs for a +5.150 optical axis orientation and has a detuning angle of 0.0210. The corresponding deflection is 2.270 and appears to be linear over this range of incidence angles. It should be noted that a similar behavior can be generated at any angle of incidence by appropriately adjusting the angular spread of control light through selection of grating dispersion and/or magnification parameters. For the optimum angular alignment, the influence of sample tilt is shown in Fig. 9 where the illuminating incidence angle that satisfies the Bragg condition is plotted as a function of control wavelength. The solid curve represents the above determined tilt of a = -1.6°a nd the broken curves are for deviations of +100 from this orientation. The effect is small with the most noticeable effect being a shift in the location of the minimum. Within a fixed wavelength range it can be observed that the smallest variation in incidence angle occurs when the curve is centered about the mean wavelength used to define the optical axis in each beam.
The influence of different materials with different refractive indices has also been examined using the above optimum configuration. The calculated Bragg detuning corresponding to later experiments for these that is used for the other materials. If these were to be minimized on their own their detuning could be significantly reduced. In this we see that for this configuration there is no significant difference in the Bragg detuning angle and subsequent maximum deflection angle in spite of the differences in refractive indices n = 1.77 for ruby and 2.29 for LiNbO 3 or the presence of dispersion 2.8 > n > 2.5 as in the case of BSO. 1 0 The above calculations were performed at a relatively low spatial frequency, 360 mm-', and hence the small angular deflection of 2.27°. By increasing the spatial frequency of the optically generated standing wave to 2000 mm-' (using incidence angles of +300 at 0.501 Aim), the resulting deflection for a 0.488-0.515-gtm wavelength shift increases significantly to 11.90. To maintain the Bragg condition over this large angular range the angular spread should be increased by increasing the magnification in each of the afocal optical systems by a factor of 7 to M 1 = M2 = 3.5. The corresponding Bragg detuning over this range is calculated to be AO _ 0.06° and hence efficient operation is anticipated. Even at these larger angles the effect is essentially independent of the recording medium.
The effectiveness of this fringe tilting technique in maintaining high reconstruction efficiency over a broad deflection range is graphically illustrated in Fig. 10 .
The curves show the calculated variation in efficiency and deflection angle as a function of an extended wavelength range centered at 0.501 Aim. The high spatial frequency configuration described above was used to generate data representing deflection with and without wavelength-induced tilting. For the tilting case, represented by the solid curves, a single illumination angle was selected from the solution set of Eq. (14) and the internal Bragg angle mismatch computed at each control wavelength using (16) and the results inserted into the coupled wave efficiency expression, Eq. (3b). The corresponding deflection angle variation is a plot of Eq. (13) . For the nontilting case, broken curves, the results were generated by replacing, mathematically, the gratings with mirrors and hence removing all wavelength dependence from the incidence angle of the control beams. This, in essence, is the same as using Eq. (3a) for the angular mismatch of a conventional Bragg device. The deflection in this case is equal to 2k corrected for refraction (to first order). As is quite evident in the figure, the fringe tilting technique produces a significant improvement in both deflection angle sensitivity and uniform efficiency. For this particular example the full-widthhalf-power tuning range increases from 0.014 to 0.097 gm and, more importantly, the deflection angle increases by more than 1 order of magnitude from 2.6 to 43.6°. For a given wavelength tuning range the deflection sensitivity increases from 185 to 4500/gm.
VI. Experimental Implementation
Before realizing the dispersive fringe tilting technique we demonstrated the validity of our theoretical analysis using separate components to act on each of the discrete wavelengths in the argon set. As can be expected, this was quite cumbersome, difficult to align, and not easily changed. It was, however, adequate to demonstrate our process and provide motivation to continue. The basic setup for generating both low and high spatial frequency standing waves using the fringe tilting technique is shown in Fig.11 . In these first experiments we used an argon laser and a beam splitter BS to create the two writing beams that were directed onto two reflection gratings G and G 2 with periods of 1.695 and 0.715 gm, respectively. Al and A 2 are two imaging afocal systems with magnification that can be independently varied thus allowing a change in the ultimate dispersion in the overlapping volume where the recording medium is located. This system also enables us to vary the diameter of the interfering field at the sample. In the current experiments this diameter was varied from 0.5 to 10 mm. The difference between the path lengths of the two writing beams was maintained to a distance smaller than the laser coherence length. The probe beam to be deflected came from an He-Ne laser and was directed to be incident at the calculated Bragg angle for the standing wave created at the mean writing wavelength, usually 0.501 gim. The variation in direction of the deflected red beam resulting from a change in the wavelength of the writing beams was determined by either running the argon laser single line and rotating the selective prism inside the cavity to select each line independently or running it all lines and therefore displaying as many deflected red beams as writing wavelengths. In this later case, the resultant efficiency is lower due to the competition process between the various induced gratings. After having measured the variation of the direction of the diffracted beam and determined the writing and erasing sensitivity and the diffraction efficiency, the diffracted spots were photographically recorded.
VII. Results and Discussion
Although we have performed our experiments with several crystals on hand, including LiNbO 3 , BSO, and ruby, the majority of our work has been with LiNbO 3 . It was not always possible to use the BSO crystal particularly for certain spatial frequencies of the induced standing wave. Indeed without the use of an external applied electric field this crystal does not record correctly a low frequency standing wave." 1 During these experiments the dependence of the diffraction efficiency on the direction of polarization of the incident beams on the recording material orientation was again noticed 12 and will be the subject of a later paper.
The results of low spatial frequency recording, 358 mm-1 (optical axis at +5.150), using the parameters of Table I If instead of using the afocal collimating system in each of the control beams we use a conjugate imaging system, the section of the diffracted beam is no longer circular. This comparison is shown in Fig. 14 where (a) are the spots from an afocal system using collimated beams and (b) are spots from an imaging system where only the input is a collimated beam. This is understandable if one considers the shape and spatial frequency distribution of the hologram induced in the material by the two interfering beams. As these beams are now converging beams the spatial frequency of the diffracting periodic structure seen by the third beam while propagating in the medium varies from one side to the other thus causing this observed dispersion in the direction of diffraction.
Vill. Summary
We have demonstrated the possibility of deflecting (modulating) an optical beam utilizing an optically induced periodic structure. Through the use of a novel fringe tilting technique, extremely large angular deflections have been demonstrated while simultaneously maintaining the Bragg condition necessary for uniform diffraction efficiency over the deflection range. This large deflection range coupled with no aperture restrictions, except those related to material power density considerations and hence deflection speed, leads us to expect that a deflector with >104 spots per field can be realized (N = DAG/X, where D is the aperture).
This study was conducted using inorganic materials for the purpose of demonstrating the process and many other materials are certainly applicable. The diffraction efficiency obtained with our particular sample of LiNbO 3 was of the order of 1%, and the response time when operating in cw mode with 100-mW cm-2 power densities was very slow. An opto-optical deflector using this recording material should be used with pulsed lasers in order to have very short response time. On the other hand, a high energy density is easily obtained from low power sources in guided structures. For example, an optically generated standing wave in a LiNbO 3 waveguide with a solid state laser would allow real-time performance as either a purely optical gate or a modulator 3 for a beam interacting with that structure.
Furthermore if we use our Bragg correction we could realize either a continuous or multispot light deflector according to the kind of wavelength variation chosen. BSO being much more sensitive than LiNbO 3 allows a reduction in the writing energy response time, but a dc electric field must be applied to obtain an acceptable diffraction efficiency. Barium titanate (BaTiO 3 ), which has been successfully used in four wave mixing experiments1 3 could lead to a higher diffraction efficiency by virtue of its larger electrooptic coefficient. This in turn allows the use of a thinner medium, a relaxed Bragg condition, and hence a larger deflection angle. The speed of response of this material is intermediate between BSO and LiNbO 3 and subject to the same inverse relationship to control beam power density. In ruby the problems are similar but in addition the millisecond lifetime of the triplet state limits the response time of the material as far as the decay of the induced grating is concerned. We also observed a dramatic change in diffraction efficiency over the range of wavelengths used in our experiments that can be attributed to nonuniform wavelength response of ruby.14 It is considered very likely that organic materials may have even greater potential in implementing a practical device.1 5 The probability is very high that an appropriate organic molecule can be identified or engineered that will combine high sensitivity to permit the use of low power lasers for controlled operation and, at the same time, a fast index modulation mechanism to allow high speed deflection performance.1 6 A further goal would be to seek a material with spectral sensitivity in the near infrared in order to use the high speed wavelength scanning techniques associated with current tuned solid state lasers.
